Introduction
Extreme precipitation events can contribute extensively to replenishing reservoirs and groundwater supplies, though simultaneously, can result in harmful consequences for the U.S. West Coast, including excessive snowfall, flooding, landslides, property damage, and loss of life [Dettinger, 2011; Mass et al., 2011] . One of the most prevalent extreme precipitation events that occur along the west coast of North America are "Atmospheric Rivers" (AR), elongated pathways of extensive atmospheric moisture transport over the ocean which can lead to substantial precipitation and flooding when they make landfall [Ralph and Dettinger, 2011; Ralph et al., 2013] . California's largest and most severe storms and essentially all major historical floods have been associated with landfalling ARs [Dettinger, 2011] . For example, a strong AR that occurred 17 to 22 December 2010 produced up to 670 mm of precipitation in Southern California [Ralph and Dettinger, 2012] and exceptional snowfall in California's Sierra Nevada Mountains [Guan et al., 2013] . Another AR in early January 2005 produced more than 1016 mm of rainfall in Southern California in only 4 days, causing widespread flooding and a massive mudslide resulting in 10 fatalities. Given that water supply and flood risks in California are strongly linked with AR occurrence and the intensity and landfall position are difficult to forecast accurately [Wick et al., 2013] , improved short-term forecasts and seasonal model projections of ARs are needed for better planning and mitigation efforts.
Extreme precipitation events are projected by most global climate models to become more prevalent as the climate changes [Dettinger, 2011; Hagos et al., 2016] , largely due to increased water vapor content in a warmer atmosphere [Trenberth, 1999] . Multiple climate models project more years with many AR episodes and higher-than-historical water vapor transport rates, indicating that California flood risks may increase beyond those previously known [e.g., Dettinger, 2011; Lavers et al., 2015] . Airborne and ship-borne facilities, modern MCCABE-GLYNN ET AL.
ISOTOPIC SIGNATURE OF EXTREME PRECIPITATION 8913 satellite advances, land-based sensors, and modeling studies have led to enhanced understanding of characteristics and mechanisms leading to extreme precipitation events. For example, recent field campaigns such as the CalWater study suggest that large-scale atmospheric circulation can transport aerosols from Asia across the Pacific, thereby increasing the amount of cloud condensation nuclei that can form into cloud droplets, playing an important role in landfalling ARs in California [Ault et al., 2011; Creamean et al., 2013] . There is still significant uncertainty surrounding the water vapor budget of ARs, however, in part due to the inability of satellite observations to record winds at the altitude of maximum water vapor flux . Significant uncertainty also still exists for short-term seasonal projections, despite recent efforts to identify predictive climate relationships (e.g., statistical relationships between coupled climate modes and AR occurrence). Several sources of uncertainty currently limit AR predictability, including limited spatial resolution, lack of process understanding, the short observational record, and the large magnitude of internal variability [e.g., Dettinger, 2011] .
The stable isotope composition of precipitation (δ 18 O and δD) is widely utilized as a tracer of the hydrologic cycle in general circulation models, in modern observations, and as recorded in natural archives of past climate, such as ice cores, tree ring cellulose, and speleothems [e.g., Berkelhammer and Stott, 2008; Yoshimura et al., 2008; McCabe-Glynn et al., 2013 ], yet isotopes have not been extensively investigated in AR precipitation. The climatic controls on precipitation isotopes are complex and numerous and include temperature, rainfall amount, relative humidity, moisture recycling, condensation height, and moisture source region [e.g., Gat, 1996; Buenning et al., 2012] . Robust interpretation of precipitation isotope variability requires a strong understanding of the climatic controls on the isotopic composition of modern precipitation on a range of spatial and temporal scales [Liu et al., 2014] . Isotopes of water undergo temperature-dependent fractionation during evaporation and condensation as water molecules move throughout the hydrologic cycle. Essentially, the water molecules composed of the light isotopes ( 16 O and 1 H) are preferentially evaporated, whereas those with one or more heavy isotopes ( 18 O and 2 H) are preferentially condensed and the magnitude of these effects depends on temperature [Craig, 1961] . This leads to predictable spatial and temporal variability in the isotopic composition of precipitation, which correlates with climatic and geographic factors such as condensation temperature, rainfall amount, relative humidity, moisture source region, latitude, altitude, and distance from coast [Dansgaard, 1964; Gat, 1996] . Detailed water isotope data from AR events impacting the western U.S. may be helpful for constraining the water budget of these events, which is still an important question in AR research. For instance, precipitation isotopes may be used to assess the fraction of water that is directly sourced from distal locations versus continually added through horizontal advection along the AR trajectory [Yoshimura et al., 2010] . Furthermore, if ARs are shown to have a unique isotopic signature, then this could enable the development of extended records of AR frequency and/or magnitude utilizing precipitation δ 18 O variations preserved in paleoclimate archives such as tree ring cellulose and speleothem δ 18 O.
Coupled ocean-atmosphere modes in the Pacific, such as the El Niño-Southern Oscillation (ENSO) and the Pacific Decadal Oscillation (PDO), and atmospheric pressure patterns, such as the Arctic Oscillation (AO) and Pacific/North American (PNA) pattern, are known to exert substantial control on the hydroclimate of western North America through their combined influence on midlatitude storm trajectories [e.g., Cook et al., 2007; MacDonald and Case, 2005; Rodionov et al., 2007; Wise and Dannenberg, 2014] . Prior research indicates the isotopic composition of precipitation in California is largely determined by the moisture source region and storm tracks delivering precipitation to this region, indicating that stable isotopes might serve as a useful tracer of past changes in synoptic-scale climate patterns [Friedman et al., 1992; Berkelhammer et al., 2012] . For example, δ 18 O during El Niño events has recently been shown to be depleted by 2-3‰ in California relative to the long-term mean [Welker, 2012] , potentially reflecting a greater contribution of moisture from the North Pacific. Given that ARs can contribute up to 50% of the water year precipitation in the western U.S. [Dettinger, 2011] , an improved understanding of the isotopic signals associated with AR precipitation is critical for numerous water isotope applications, in addition to improving understanding of AR dynamics and history.
Increased contribution of ARs to annual precipitation totals has been associated with positive ENSO and PDO for some parts of the western U.S., especially in Southern California, but the complex interplay of multiple climate factors thus far limits the utility of these relationships for short-term prediction [Cayan et al., 2016] . Dettinger [2011] [McCabe-Glynn et al., 2013] , including in the location shown to influence AR precipitation [Dettinger, 2011] . This relationship is likely manifested through the influence of SST patterns on the trajectory of storms reaching the western U.S., as anomalously high SSTs can provide heat fluxes that generate an atmospheric wave, shifting the jet stream north over the western Pacific and south over the eastern Pacific [Ren et al., 2008] and therefore suggests a possible link between ARs and annual mean precipitation isotopes. A recent study found that the majority of AR events (86%) over the West Coast of the U.S. are grouped into three trajectory types [Ryoo et al., 2015] from variable origins; thus, these events likely carry unique water isotope properties that could potentially be utilized to provide information about moisture source region, water vapor budgets, and other key physical processes of AR events [Vachon et al., 2010] .
In this paper, we present weekly precipitation amount and isotopic data from a site in Southern California that was affected by 22 extreme precipitation events (defined as >100 mm/week) between 2001 and 2011. We investigate the relationship between the oxygen isotope composition of these events and a range of climate factors to better constrain AR processes. Additionally, we utilize the North American Regional Reanalysis (NARR) precipitation data to investigate the relationships between extreme precipitation events in the entire western U.S. and key climate modes known to influence precipitation in this region. The results presented here will contribute to improved process understanding of AR events and potentially lead to more robust short-term and seasonal projections of extreme precipitation in the western U.S. The results will also lead to better understanding of the impact of ARs and related climate modes on mean annual precipitation isotopes in this region and thus contribute to improved interpretation of oxygen-isotope-based paleoclimate records from California [e.g., McCabe-Glynn et al., 2013] .
Analysis and Results

Study Site and Precipitation Samples
We conducted 220 stable isotope analyses of weekly precipitation samples collected by the National Table S1 in the supporting information) . See supporting information for details of sample collection and analysis. This site is ideally located on the southwestern flank of the Sierra Nevada Mountains which receives the majority of precipitation during the winter from Pacific storm tracks. We found an average water year (October to September) precipitation amount of 977 ± 387 mm with an average amount weighted δ 18 O of À12.11 ± 1.18‰ and δD of À81.6 ± 8.9‰ (Table S4) . Of the 220 samples, we chose to focus on the top 10 (>150 mm) and top 22 (10%; >100 mm) weeks with the highest precipitation amounts. We identified which of these high-precipitation weeks were impacted by landfalling AR events utilizing previously developed methods for AR identification [Zhu and Newell, 1998; Ralph et al., 2004; Neiman et al., 2008] . Results show that 9 of the top 10 and 16 of the top 22 weeks contain AR events [Neiman et al., 2008] (Table S2 ).
Isotopic analyses of precipitation that fell during the 22 wettest weeks show large variability (δ 18 O range of À7.20‰ to À19.27‰; δD range of À49.5 to À150.0‰; d-excess range of 4.1 to 25.8; Table S2 ), reflecting the complex influences on the isotopic composition of precipitation in California [e.g., Berkelhammer et al., 2012; Friedman et al., 1992; Buenning et al., 2012] . As there is no single isotopic signature associated with AR events, the potential for reconstructing them from the isotopic paleoclimate data does not appear to be very promising. Linear regression analysis shows no significant δ 18 O relationship with P and only a weak positive correlation with surface T (r 2 = 0.13, p = 0.0936). A multiple linear regression of δ 18 O as a function of both surface T and P indicates that these factors combined could explain up to 25% of the variance in δ 18 O for the top 22 precipitation weeks. The remaining variability must be explained by other factors. Results of back trajectory analyses conducted for the top 10 precipitation weeks utilizing Hysplit show a wide range of storm trajectories, and hence moisture source regions, which could have contributed to the highly variable δ 18 O and d-excess values (supporting information Figure S1 ). To investigate this further, we conducted detailed analysis of climatic characteristics of these events and also examined the influence of key climate modes which are known to influence the trajectory of storms reaching the western U.S.
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Climatic Conditions During Extreme Precipitation Events
We utilized National Center for Atmospheric Research/National Centers for Environmental Prediction (NCAR/NCEP) reanalysis data to construct composite mean and anomaly maps of sea level pressure (SLP), 850 mbar vector winds, and columnar precipitable water for all days with measurable precipitation during the 10 wettest weeks at our site (supporting information Table S5 ). Results show the dominant mean sea level Figure 1 . Composite analysis maps during extreme precipitation events show mean and anomaly maps derived from the NCAR daily reanalysis data set for all precipitation events during the top 10 weeks (>150 mm) (Table S2) [Rodionov et al., 2007] which are associated with a weaker and strongly meridional jet stream, with a greater north-south orientation. Similar SLP anomalies are observed during the negative phase of the Arctic Oscillation (AO) [Francis and Vavrus, 2012] and the negative phase of the Pacific/North American (PNA) pattern, suggesting that these may also play a role.
In either case, this amplified wave structure is conducive to midlatitude cyclones traveling equatorward, obtaining moisture over the tropical Pacific, and directing it toward the study site (Figure 1d To further investigate these large precipitation events, we compared them with key climate indices known to influence precipitation in the western U.S. (Table S2 ; we define positive values as ≥ 0.5, neutral values between À0.5 and 0.5, and negative values as ≤ À0.5). The Arctic Oscillation (AO) is a large-scale climate mode associated with varying sea level pressure patterns poleward of 20°N, which are known to exert a strong influence on weather in North America. It is worth noting that 90% of the top 10 precipitation weeks (73% of the top 22 precipitation weeks) coincided with the negative phase of the AO (p < 0.0001), consistent with findings of an earlier study [Guan et al., 2013] . The negative AO is characterized by high-pressure anomalies in the Arctic and low-pressure anomalies in the surrounding lower latitudes, which leads to weaker westerlies in the upper atmosphere [Thompson and Wallace, 2000] .
To explore the dynamic links between ARs and the Arctic Oscillation, we utilized a unique satellite-based precipitation data set, Precipitation Estimation from Remotely Sensed Information using Artificial Neural Networks (PERSIANN), to investigate the spatiotemporal characteristics of extreme precipitation events to investigate the spatiotemporal characteristics of extreme precipitation events during the top 22 precipitation weeks at our site [Sellars et al., 2013] . Precipitation events were identified by applying an object-based connectivity algorithm (PERSIANN-CONNECT) to organize the remotely sensed precipitation data in to discrete precipitation events or "objects." Utilizing a minimum threshold of 1 mm/h for 24 h, we identified individual storm events that occurred during 17 of the top 22 precipitation weeks at our site. A descriptive statistics algorithm was utilized to calculate physical characteristics of each storm event (Table S3) , including event speed, maximum precipitation intensity, and duration [Sellars et al., 2013] . We find that the highest volume events that hit California during the negative AO are characterized by slower average speeds (44 ± 12 km/h), increased maximum precipitation intensity (26 ± 13 mm/h), and longer duration (104 ± 68 h) than those that occur during the positive AO (speed: 55 ± 17 km/h; maximum precipitation intensity: 19 ± 9 mm/h; duration: 78 ± 59 h). Additionally, the starting latitude of the object during the negative AO was higher (37.78°N ± 5.64) and had a more westerly starting longitude (186.12°W ± 38.15) than during the positive AO (30. 66°N ± 3.57; 197.79°W ± 42.26) . These results suggest that AR events that occur when the AO is negative tend to have greater and more intense precipitation and are therefore likely associated with increased flood risk.
While the AO can vary considerably on short timescales and the causes of variability are not entirely known, Strong and Magnusdottir [2008] showed that the AO arises from a positive feedback associated with tropospheric Rossby wave breaking, which has also been previously linked to AR events [Payne and Magnusdottir, 2014] . Recent studies link shifts in the jet stream and increased persistence of midlatitude weather patterns to apparent decreases in the AO during winters preceded by reduced summer Arctic sea ice [e.g., Francis and Vavrus, 2012] . Arctic amplification may therefore increase the likelihood of extreme precipitation events in the western U.S. through its influence on the AO and the jet stream. However, additional research on the link between the AO, ARs, and high-latitude warming is needed to fully assess this potential mechanism, especially given that the manifestation of the AO over the Pacific sector is relatively
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weak [Deser et al., 2000] and the idea that meridional flow arises from Arctic amplification is controversial [Barnes, 2013; Screen and Simmonds, 2014] .
The Pacific/North American (PNA) pattern is another prominent mode of variability in the extratropical Northern Hemisphere atmosphere. Similar to the AO, the PNA is closely associated with the Aleutian Low and related variations in the strength and position of the jet stream that exert a strong influence on regional climate in North America [Overland et al., 1999] . During the positive PNA phase, enhanced pressure differences between the high-pressure ridge over the Rocky Mountains and the low-pressure trough over the southeastern U.S. leads to an enhanced meridional flow. Conversely, the negative PNA phase is associated with weaker pressure differences and a more zonal jet across North America. Due to this strong association between the PNA, the AO, and the jet stream, it is also possible that this mode influences the occurrence of extreme precipitation events in the western U.S. Investigation of the PNA index during the 22 wettest weeks of our study period show that extreme precipitation occurred similarly between the positive (7 weeks), negative (6 weeks), and neutral PNA phase (9 weeks) (Table S2 ). These results differ from previous findings which report increased AR frequency during the negative PNA [Guan et al., 2013] , though this effect is shown to be strongest when the negative AO occurs together with the negative PNA. Furthermore, the PNA pattern is influenced by the El Niño-Southern Oscillation (ENSO), so that the positive phase of the PNA pattern tends to be associated with El Niño conditions and the negative phase tends to be associated with La Niña conditions. Guan et al. [2013] also found enhanced AR snow accumulation in the Sierra Nevada during particularly cold events associated with negative AO, negative PNA, and La Niña conditions, indicating that this combination in particular should lead to enhanced extreme precipitation in California.
El Niño-Southern Oscillation
ENSO is also known to exert strong control on southwestern U.S. hydroclimate through modulation of the Pacific westerly jet and associated storm tracks. Numerous studies have shown that winter precipitation in the southwestern U.S. increases during El Niño events and decreases during La Niña events. Extreme precipitation events may also be strongly influenced by atmospheric variability associated with ENSO.
We conducted an analysis of various ENSO-related indices during the top 22 precipitation weeks to assess the impact of ENSO on extreme precipitation at our site (Table S2) . Analysis of the Oceanic Niño Index (ONI), based on sea surface temperature (SST) in the east central tropical Pacific Ocean, in which warmer SSTs indicate El Niño conditions and cooler, La Niña, indicates that 8 of the weeks fell during El Niño years, 8 fell during La Niña years, and 6 fell during neutral years, suggesting no significant relationship with SST-based indices. However, investigation of the daily Southern Oscillation Index, which is based on the difference between the atmospheric sea level pressure at Tahiti and at Darwin, showed that extreme precipitation events occurred more frequently during the positive SOI (10 weeks) and neutral SOI (10 weeks) than during the negative SOI (2 weeks). Similarly, when the monthly SOI was examined, extreme events occurred dominantly during the positive SOI (12 weeks) as opposed to the negative (6 weeks) and neutral (4 weeks) SOI. We also investigated the SOI phases [Stone et al., 1996] and found that only 2 of the weeks occurred during SOI phase 1, defined as "consistently negative" (El Niño), whereas 11 weeks fell during SOI phase 2, defined as "consistently positive" (La Niña) conditions. Together, these results indicate that extreme precipitation occurs more frequently at our study site when the SOI is positive, which is often associated with La Niña conditions. However, this pattern appears when using the daily and the monthly SOI, but use of SST-based indices such as the ONI does not yield similar results. This possibly reflects influence of short-term weather-related atmospheric disturbances on AR occurrence, such as those related to the Madden-Julian Oscillation or other more transient events, which affect the SOI but not the tropical Pacific SST patterns.
To further assess the link between tropical Pacific SSTs and extreme precipitation events, we investigated whether the specific SST anomaly patterns associated with different ENSO types [Kao and Yu, 2009; Yu and Kao, 2007] , Central Pacific (CP) versus Eastern Pacific (EP), influenced extreme precipitation event occurrence, location, and isotopic composition at our site. The two different types of El Niño are distinguished by different spatial locations of sea surface temperature anomalies in the tropical Pacific. The CP type ( Figure S3b ) is characterized by SST anomalies that are confined around the International Date Line, whereas the EP type ( Figure S3c ) has the more canonical SST pattern, with the largest anomalies located off the South American coast [Yu et al., 2012; Zou et al., 2014] . While the conventional EP ENSO results from the interaction with the Walker circulation and the CP ENSO results from the interaction between the tropical Pacific Ocean
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and the Hadley circulation, both types have a distinct extratropical teleconnection pattern [Yu et al., 2012] and thus may be expected to influence extreme precipitation events in western North America differently.
Investigation of the EOF-based CP and EP indices [Kao and Yu, 2009; Yu and Kim, 2010] during the top 22 precipitation weeks at our site show that extreme precipitation events occurred most frequently during the EP neutral (11 weeks) and negative modes (8 weeks), and only rarely during the EP positive mode (3 weeks). However, extreme precipitation events occurred about equally during both the negative (11 weeks) and positive (8 weeks) CP modes and were rare during the neutral phase (3 weeks) (Table S2) . These results indicate that the type of ENSO event may influence the likelihood of extreme precipitation events affecting Southern California, with extreme precipitation events being more likely during a CP El Niño event than during an EP one. This different extreme precipitation response to the type of El Niño may reflect the stronger northward displacement of the subtropical jet during CP El Niño events than during EP ones, which is more conducive to delivery of precipitation to our site in Southern California. However, during the study period, 3 years were classified as CP-type El Niño years, while only 1 year was classified as an EP El Niño year [Yu et al., 2012] , so the relationship between ENSO type and AR frequency is tentative and needs further study. tion of isotopically enriched AR precipitation and isotopically depleted North Pacific sourced precipitation, the depleted North Pacific signal could be large enough to swamp the positive signals from AR precipitation in the annual mean values. We might expect more depleted precipitation overall during El Niño due to greater access to North Pacific moisture sources when the jet stream is situated farther to the south. Furthermore, however, we would need to explain why ARs during El Niño events overall are more positive than during La Niña events. This could potentially be explained by cooler temperatures, increased snowfall, and/or increased precipitation intensity during La Niña AR events. Guan et al. [2013] found that increased snow accumulation in the Sierra Nevada Mountains during the negative AO, PNA, and La Niña but that ARs are stronger during El Niño than La Niña conditions from 1998 to 2011. More consistent with our findings though, other studies have shown that ARs/extreme precipitation events along the west coast of North America are most pronounced during neutral/near-neutral ENSO conditions [Dettinger, 2004] or during La Niña years [Feldl and Roe, 2011] .
Extreme Precipitation in the Western U.S. During Climate Mode Combinations
To investigate the dynamics of how large-scale climate modes interact to influence atmospheric circulation patterns and extreme precipitation across the western U.S., we combined pertinent climate indices (AO, PNA, SOI, EP, CP, PDO, and North Pacific Index) known to influence atmospheric circulation patterns delivering precipitation to the western U.S. with daily extreme precipitation events from 2001 to 2011 (Figures S3a-S3e) . We created composite maps of anomalous precipitation (mm) during different climate mode combinations utilizing the NCEP North American Regional Reanalysis (NARR), a high-resolution regional-scale data set (Figures 2 and S3a-S3e). NARR precipitation has previously been shown to be superior to other reanalysis products [Bukovsky and Karoly, 2007] , reflecting the fact that detailed precipitation observations were assimilated during the reanalysis process rather than fully parameterized [Mesinger et al., 2006] such as in other products. Furthermore, the NARR has been shown to capture the intense precipitation rates and spatial patterns of precipitation during extreme events reasonably well, even over regions with complex topography, such as the western U.S. [Bukovsky and Karoly, 2007] . A main weakness of NARR precipitation is some disagreement with observations over the oceans and over parts of Canada where observational data are sparse, but as our study focuses on precipitation over land in the western U.S., this should not significantly impact our results [Mesinger et al., 2006] .
To construct the composite anomaly maps, we first calculated the 1979-2011 mean daily precipitation for each of the 365 (or 366) days. We then subtracted the long-term daily mean from all dates. Using the original data, we selected all days during 2001-2011 with precipitation events with at least one grid point in the western U.S. (110-130°W, 30-50°N) with >100 mm of precipitation. Using this subset, we then calculated and plotted the spatial pattern of composite (mean) daily anomalies during specified climate mode combinations . Results of the composite analysis show that the combination of the negative AO, negative PNA, and positive SOI (La Niña) yielded the most widespread positive precipitation anomalies, essentially covering much of the state of California (Figure 2 , left red box). This particular combination occurred during the largest precipitation event at our study site in December 2010, consistent with the tendency for extreme precipitation events in the southwest to be more intense during La Niña winters [Feldl and Roe, 2011] . This event was also characterized by an extremely negative δ 18 O value (À16.89‰) at our site, suggesting that these extremely large, cold, and intense AR events during this climate mode combination may be especially well preserved in paleoclimate records. As the SOI, CP, and EP indices are closely related, similar results are generally seen when the CP and/or EP are negative. We also conducted a composite analysis of anomalous precipitation events during the AOÀ, PNAÀ, and SOI+ phase combination for the full NARR time period (1979 to 2011) and found similarly strong positive precipitation anomalies across much of the western U.S. (Figure 3a Figure S5 ) which indicate that precipitation associated with this phase combination has increased in the southwestern U.S. and decreased in the northwestern U.S. relative to this phase combination's 1979-2011 climatology (Figures 3a-3c and S4 ). However, it is possible that this difference could partly be influenced by a single very large storm event, given the short period analyzed. Therefore, we are not able to make any robust conclusions about long-term trends from this analysis. 
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While the type of ENSO event does not seem to significantly modify the precipitation anomaly pattern seen during the negative AO, negative PNA, and positive SOI combination, our results show that when the PNA is instead neutral, a prominent difference in the location of precipitation anomalies is seen between the two ENSO types. When the negative AO and neutral PNA occur together with a negative EP, anomalous precipitation is restricted to above~40°N, whereas the negative CP is characterized by anomalies extending below 40°N (Figure 2 , right red box), consistent with a greater displacement of the Pacific jet stream during a Central Pacific type of ENSO event [Yu and Zou, 2013] . We also find that during the negative AO, neutral PNA, and neutral ENSO conditions, the Eastern Pacific neutral mode leads to anomalous precipitation delivered between~35 and 42°N, whereas the Central Pacific neutral mode leads to less anomalous precipitation in this region. These results highlight that the ENSO type has an important influence over the regional distribution of anomalous precipitation delivered to the western U.S., especially when the AO is negative and the PNA is neutral (Figure 2 , middle red box).
Conclusions
We investigated extreme precipitation events and their isotopic composition from the southwestern Sierra Nevada Mountains in California and the distribution of extreme precipitation across the western U.S. for varying coupled climate modes. We show that 90% of the extreme precipitation events at the CA study site were ARs and occurred during the negative AO, with a weakened and split Aleutian Low and a strongly meridional jet stream. Furthermore, extreme precipitation at our site occurred more frequently during the positive SOI, though the relationship with SST-based ENSO indices is less clear. This suggests an atmospheric link between the tropical Walker circulation and AR frequency in the southwestern U.S., with large events being more likely when the Southern Oscillation is stronger. Stable isotope analysis of extreme precipitation reveals a large variability and indicates complex controls by a wide range of factors, including local temperature and precipitation amount (up to 25% of variance), moisture source region, and coupled climate modes, such as ENSO. A full assessment of the potential for stable isotopes to improve understanding of AR dynamics and as potential AR paleoproxies will likely require a more spatially and temporally dense isotopic study of AR precipitation and water vapor and the use of isotope-enabled climate models.
An analysis of NARR precipitation data from the western U.S. indicates that specific climate mode phase combinations particularly influence the spatial and temporal patterns of extreme precipitation anomalies.
Composite maps demonstrate that extreme precipitation events in California are most likely when the negative AO, negative PNA, and positive SOI occur together. Additionally, the ENSO type, Eastern or Central Pacific, is shown to influence the landfall location of extreme precipitation anomalies across the western U.S., especially when the PNA is neutral. These results emphasize the importance of understanding the dynamic controls on extreme precipitation events in the western U.S. and highlight the use of various climate mode phase combinations to improve subseasonal and seasonal predictive capability for model projections. Furthermore, forced changes in atmospheric and coupled climate modes, such as ENSO and the AO, could influence the frequency, intensity, and landfalling position of AR events. For instance, Arctic amplification [Serreze and Barry, 2011] and projected sea ice decline [Deser et al., 2010 ] may lead to a more meridional jet stream and negative AO in the future, which would likely increase extreme precipitation across California. Knowledge of how tropical, midlatitude, and high-latitude climate modes influence extreme precipitation events in the western U.S. can provide critical information for short-term forecasting of extreme precipitation events.
In addition, precipitation isotopes may be particularly useful for improving AR process understanding and may also be helpful as AR fingerprints in the paleoclimate record, but additional research is needed to fully assess this potential. These results will be potentially useful for improved long-term projections of extreme precipitation event frequency and location, but this will depend on improved model projections of the forced and unforced response of climate modes such as ENSO, the AO, and the PNA. Overall, improved projections of the likelihood and spatial pattern of extreme precipitation is critical for water planning and policy and flood risk analysis along the western coast of the U.S., especially in drought and flood prone California.
